During protein synthesis, tRNAs and mRNA move through the ribosome between aminoacyl (A), peptidyl (P), and exit (E) sites of the ribosome in a process called translocation. Translocation is accompanied by the displacement of the tRNAs on the large ribosomal subunit toward the hybrid A/P and P/E states and by a rotational movement (ratchet) of the ribosomal subunits relative to one another. So far, the structure of the ratcheted state has been observed only when translation factors were bound to the ribosome. Using cryo-electron microscopy and classification, we show here that ribosomes can spontaneously adopt a ratcheted conformation with tRNAs in their hybrid states. The peptidyl-tRNA molecule in the A/P state, which is visualized here, is not distorted compared with the A/A state except for slight adjustments of its acceptor end, suggesting that the displacement of the A-site tRNA on the 50S subunit is passive and is induced by the 30S subunit rotation. Simultaneous subunit ratchet and formation of the tRNA hybrid states precede and may promote the subsequent rapid and coordinated tRNA translocation on the 30S subunit catalyzed by elongation factor G.
D
uring the elongation cycle, the tRNAs⅐mRNA complex is translocated to allow reading of the following codon on mRNA. Translocation is promoted by elongation factor G (EF-G) and accompanied by GTP hydrolysis. During translocation, the ribosome changes from the pretranslocation state with deacylated tRNA in the peptidyl site (P site) and peptidyltRNA in the aminoacyl site (A site) to the posttranslocation state where A-and P-site tRNAs have moved to P and exit (E) sites, respectively. The universal design of ribosomes from two subunits inspired early suggestions that translocation may involve a movement of the subunits relative to each other (1, 2) . Such models imply the existence of intermediate states for the tRNAs that differ from the classic A, P, and E states. Chemical probing experiments with pretranslocation ribosomes indicated that after peptidyl transfer the acceptor ends of the tRNAs spontaneously moved on the large 50S subunit toward their posttranslocation positions (3), indicating that peptidyl-tRNA and deacylated tRNA entered hybrid A/P and P/E states, respectively. The transition was observed in the absence of EF-G, and the driving force for the movement was attributed to different affinities of the A, P, and E sites on the 50S subunit (4) for the chemically different acceptor ends of the tRNAs (5, 6) . Nevertheless, cryo-electron microscopy (cryoEM) of ribosomes in the pretranslocation state showed the tRNAs in their classic A, P, and E states (7) . Although this result was difficult to reconcile with the hybrid-state model, it is important to note that in that complex the occupancy of the E site by deacylated tRNA may have prevented the P-site tRNA to enter the P/E-site hybrid state.
CryoEM of ribosomes in complex with EF-G revealed a relative rotation between subunits referred to as ratchet motion (8) . Ratcheting included a rotation of the 30S subunit relative to the 50S subunit and large conformational change of the L1 stalk from the 50S subunit toward the intersubunit cavity (7) . Using ribosomes with deacylated tRNA in the P site and vacant A site, it was shown that ribosome binding of EF-G with a nonhydrolyzable GTP analog promoted a ratchet-like motion of the subunits and a movement of the tRNA into the P/E hybrid position (7). However, bulk FRET studies suggested that hybrid states coupled to the ratchet-like motion may form spontaneously, i.e., without binding EF-G (9, 10) . Further evidence for spontaneous ratcheting was provided by single-molecule FRET studies, which showed individual pretranslocation ribosomes oscillating between the nonrotated and the rotated states (4) . Also the tRNAs were observed to fluctuate between classic and hybrid states in dynamic equilibrium (11) , possibly sampling through additional intermediate states. The relation between ratcheting and hybrid-state formation was, however, not demonstrated directly.
Results and Discussion
Classification of Pretranslocation Ribosomes. Here, we revisit the structure of pretranslocation ribosomes by cryoEM. We characterized 70S ribosomes from Escherichia coli programmed with mRNA and containing deacylated tRNA fMet in the P site and fMetLeu-tRNA Leu in the A site (see Methods). An initial set of 63,539 individual particles resulted in a cryoEM density map that showed no clear indication of ratcheting and with strong density for tRNA in the P site (Fig. 1A) . However, weak and scattered density in the A and E sites suggested the presence of a mixture of different structural states in the sample. Subsequently, maximum-likelihood-based classification (ML3D) (12) was applied to sort the data and yielded two groups, corresponding to distinct structural states of the ribosome ( Fig. 1 B and C) . We note that this classification method does not require prior information about the nature of the structural variability in the sample, thereby avoiding potential bias associated with supervised classification methods (13) .
The first group represented Ϸ80% of the total number of particles and the corresponding density map showed no indication of ratcheting (Fig. 1B) . Improved density for the tRNAs was observed at the classic A (solid red in than that at the P site (corresponding to an occupancy of 70%). Importantly, there was no tRNA density associated with the E site. This observation contrasted with the earlier cryoEM work on pretranslocation ribosomes (7) and was consistent with the fact that HPLC-purified Leu-tRNA Leu , devoid of contaminating deacylated tRNA prone to enter the E site, was used to fill the A site, and pretranslocation complexes were additionally purified by ultracentrifugation. The map in Fig. 1B depicts a pretranslocation ribosome in nonrotated configuration with the tRNAs in classic A-and P-site positions.
The second group accounted for the remaining 20% of the particles. The corresponding map in Fig. 1C clearly showed the ribosome in a ratcheted state and with the L1 stalk moved toward the E site. Moreover, the deacylated tRNA was found in the P/E hybrid state bridging the 30S P site with the 50S E site (depicted in solid orange in Fig. 1C ), whereas the peptidyl-tRNA (light green in Fig. 1C ) was located in the vicinity of the A and P sites.
Comparison of this structure with the classic A, P, and E arrangements revealed that the peptidyl-tRNA was present in an A/P hybrid state (Fig. 2) . Apparently the two tRNAs have moved, following the rotation of the 30S subunit (small arrows in Fig. 2 A) over a distance similar to the 8-Å displacement of the ribosomal small subunit during the ratchet motion measured at the level of the mRNA (7). Thus, both tRNAs still reside in A and P sites on the small subunit, but are shifted toward P and E sites on the 50S subunit. At the current resolution (Ϸ16 Å) the structure of the ratcheted ribosome resembled that of the ribosome interacting with EF-G (7). The relative rotation and the change in connecting bridges between subunits, the large movement of the L1 stalk, and the displacement of the head of the 30S following the path of the mRNA are features displayed in the present cryoEM map. We, therefore, assume that the structure of this subset of ribosomes in the pretranslocation state includes the conformational changes previously described at higher resolution (7).
Hybrid tRNA in A/P Position. In the map displayed in Fig. 2B , the P/E hybrid state of the deacylated tRNA is obvious, because the distance between the 3Ј ends in the P and E sites is large, and the acceptor arm of the present P/E hybrid (solid and orange in Fig. 2B ) clearly reaches the classic E site tRNA (brown mesh in Fig. 2B ). Although the difference between the A and P sites is smaller, the acceptor arm of the peptidyl-tRNA (solid and light green in Fig.  2B ) deviates from the trajectory of a classic A-site tRNA (red mesh in Fig. 2B ), being directed toward the P site on the 50S subunit.
The 20% particle subset of the present cryoEM map represents a pretranslocation ribosome with simultaneous ratcheting of subunits and hybrid-state formation. The conformational homogeneity of the subset and, with that, the quality of the classification, can be judged by the similarity of the cryoEM density with known atomic coordinates. In Fig. 3 , the atomic structure of tRNA Leu (14) is shown fitted within the density for fMetLeu-tRNA Leu in the A/P site. The quality of the fit is obvious, as the cryoEM density accounts for the entire tRNA, including the characteristic long variable loop of tRNA Leu . Small 3D density maps of pretranslocation ribosomes determined by cryoEM and particle classification. Rendering of density maps for the 70S⅐mRNA⅐tRNA fMet ⅐fMetLeu-tRNA Leu complex shows the ribosomal subunits solid and in semitransparent display to allow visualization of densities for tRNAs within the intersubunit space. differences are restricted to the acceptor arm. These characteristics may indicate that the acceptor end of the peptidyl-tRNA is passively moved into the 50S P site by the 30S subunit rotation, involving slight changes in its acceptor arm configuration. This contention is consistent with the modest effect on translocation of the mutations that impair the formation of the A/P hybrid state by disrupting interactions between the acceptor end of tRNA and the 23S rRNA residues (15).
Translocation Intermediate. Our results indicate that the pretranslocation ribosome can spontaneously assume either the nonratcheted conformation with the tRNAs in classic states or the ratcheted conformation with the tRNAs in hybrid states. The observed ratio between the classic and hybrid tRNA states is exactly the same as predicted by single-molecule methods based on the average lifetimes of the respective states at elevated Mg 2ϩ ; at low Mg 2ϩ , the distribution of tRNAs between the classic and hybrid states (16) and the ribosomes between the nonratcheted and ratcheted conformations (4) is close to 50%. Subunit ratcheting and the ability of the P-site tRNA to interact with the E site on the 50S subunit are essential for EF-G-promoted translocation (5, 17) , suggesting that the combined hybridratcheted state is an authentic early intermediate of translocation. On the other hand, the spontaneous formation of this state as such is not sufficient to move the acceptor end of peptidyltRNA into the proper posttranslocation position, as indicated by low reactivity with puromycin (15, 18) . Therefore, we postulate that the hybrid-ratcheted configuration is the natural substrate for EF-G, and EF-G may either bind to that state preferentially or shift the ribosomes to that state before the tRNA movement on the 30S subunit. Translocation is then completed by coupling conformational changes of the factor with further ribosome rearrangements, resulting in tRNA movement and, presumably, the reverse rotation of the 30S subunit (19) (20) (21) .
Methods
Pretranslocation Complex. Ribosomes, EF-Tu, and initiation factors from E. coli were prepared as described (22) Leu 5) were prepared as described (24) . The pretranslocation complex with deacylated tRNA fMet in the P site and fMetLeu-tRNA Leu in the A site was prepared by mixing initiation and ternary complexes in buffer A [50 mM Tris⅐HCl (pH 7.5), 70 mM NH 4Cl, 30 mM KCl, 7 mM MgCl2] at 37°C (24) . The complex was stabilized by increasing the concentration of MgCl 2 to 21 mM and purified by centrifugation through a sucrose cushion (25) . Ribosomes were dissolved in buffer A (21 mM MgCl 2), shock-frozen in liquid nitrogen, and stored at Ϫ80°C. The extent of tRNA binding (Ͼ90%) was determined by nitrocellulose filtration and radioactivity counting; the extent of dipeptide formation (Ͼ90%) was verified by HPLC.
CryoEM and Image Processing. Pretranslocation complexes were diluted to 32 nM final concentration in buffer A (21 mM MgCl2 plus 2 mM spermine). CryoEM grids were prepared following standard procedures, and micrographs were taken in low-dose conditions on a JEM-2200FS electron microscope (JEOL). Images were recorded on a 4kx4k CCD camera at a magnification of 67,368ϫ, resulting in a 2.2-Å final pixel size. The 3D reconstruction followed reference-based projection matching in Spire-Spider package (26, 27) , and amplitude correction was applied to the maps (28) . Resolution was estimated by using a cutoff of 0.15 in the Fourier shell correlation (29) . Nonsupervised maximum-likelihood classification (12) of the images for ribosomes was used from the Xmipp package (30) . Based on the maxima of the probability functions upon convergence of the likelihood optimization, the data set was separated into four groups; three of these were similar and were rejoined to form one group. The rigid-body fitting of coordinates for tRNA Leu , Protein Data Bank ID code 1WZ2 (14) , within the cryoEM density was performed in Chimera (31) , which was also used to produce our figures. Fig. 3 . Peptidyl-tRNA Leu in the A/P position. Semitransparent rendering of the density for tRNA Leu in the A/P hybrid state (green) is extracted from the cryoEM map presented in Fig. 1C . The atomic structure of tRNA Leu (blue) from Pyrococcus horikoshii [Protein Data Bank ID code 1WZ2 (14) ] is fitted to the cryoEM density.
